The hypothesis that trabecular morphology can predict the elastic properties of cancellous bone has only partly been verified and no predictive analytical model is currently available. Such models are becoming increasingly relevant as the resolution levels of three-dimensional scanning techniques approach the size of trabeculae. This study took advantage of micro-finite-element methods and tested the aforementioned hypothesis in normal cancellous bone material collected at six anatomical locations from 56 individuals. Numerical analysis was based on high-resolution three-dimensional computer reconstructions of cancellous bone specimens from which the complete elastic characteristics and trabecular morphology, represented by three different fabric measures (the mean intercept length and two volume-based ones), were calculated. Each fabric measure was analyzed individually using the tensorial relationships derived by Cowin (Mech Mater 4:137-147; 1985). Models for both stiffness and compliance entries were developed. The models based on stiffness entries could explain 93.4%-95.6% of the variance, whereas those based on compliance entries could explain 89.2%-89.4%. When using the former model, the MIL (mean intercept length measure) performed slightly better than the two volume-based measures, VO (volume orientation) and SVD (star volume distribution), with 23% less remaining variance. The high correlations found strongly support the hypothesis and increase the hope that, on the basis of information on trabecular morphology, it will be possible to obtain considerably better estimates of bone quality in vivo compared with the rough two-dimensional density measurements used today. (Bone 25:481-486; 1999) © 1999 by Elsevier Science Inc. All rights reserved.
Introduction
Knowledge about the mechanical properties of cancellous bone is essential for the determination of bone fracture risk in osteoporosis and other pathological conditions involving impaired bone strength. The direct measurement of bone mechanical properties from compression tests, however, has been shown to yield inaccurate and incomplete results when using excised bone specimens 14, 16, 17, 23 and is impossible in vivo. Consequently, the information needed for patient diagnosis cannot be obtained from direct mechanical tests.
The mechanical properties of cancellous bone are determined by the properties of its bone tissue and its architecture. For this reason, it has been proposed to determine the mechanical properties of bone in an indirect way, based on measurements of its architecture and tissue properties. The mathematical basis for relationships between bone elastic properties, given by nine orthotropic elastic constants, and bone architecture, given by volume fraction and a fabric tensor, is well established by the work of Cowin, 2 who developed a polynomial relationship. In all these relationships a number of constants appear that must be determined by correlating fabric and mechanical parameters measured in experiments. Several earlier studies were conducted to determine these constants, but no accurate and general relationships have as yet been found.
In early studies, only the bone volume fraction (or apparent density) was measured to quantify bone architecture. 1, 18, 24 In these studies, reasonable correlations between bone density and bone elastic modulus and strength were found. Later studies have included a fabric measure to account for the anisotropy of bone architecture. In most of these studies, relationships were determined by correlating Young's moduli and Poisson ratios, measured from compression tests, with the results of the surfacebased mean intercept length (MIL) fabric measure for a large number of cubic bone specimens. 4, 7, 8, 25, 27 Relationships found in these studies were generally accurate with squared correlation coefficients of R 2 Ͼ 0.72, but these were incomplete, because only a subset of the nine orthotropic elastic constants could be predicted. Moreover, the relationships found were not the same in the studies. Part of the unexplained variation may be due to errors in the compression tests, errors in the fabric measurements, and differences in the bone tissue properties. The differences between studies may be due to the differences between specimen groups, indicating that these groups were not representative for bone in general.
Recently, new computer methods have been introduced that, given certain hard tissue properties, allow for the elimination of many of the uncertainties involved with the compression test and the fabric measurements, thus enabling to find the "pure" relationships between architectural and mechanical parameters. 31 With these methods, detailed three-dimensional computer reconstructions of cancellous bone specimens are used for real threedimensional fabric measurements. After conversion to micromechanical finite-element (-FEA) models, these computer models also allow for the calculation of all elastic constants of recon-structed bone specimens. In a previous study, it has been demonstrated that relationships between fabric, apparent density, and elastic properties can be both very accurate (R 2 Ͼ 0.92) and complete. 31 However, the extrapolation of these results to general relationships is problematic due to the small number of bone specimens used and the high degree of homogeneity between specimens in that study.
The purpose of the present study was to find the pure relationships between bone structural and elastic parameters for a wide range of cancellous bone architectures. For this purpose, many bone specimens, taken from different locations and different individuals, were reconstructed by computer and converted to -FEA models. A second purpose of the present study was to investigate if volume-based fabric measures 19 produce more accurate results than the commonly used surface-based MIL fabric tensor. 5, 35 For this purpose, two different volume-based fabric tensors were calculated for each specimen: volume orientation (VO) 21, 22 and star volume distribution (SVD). 3, 13 The model of polynomial relationships developed by Cowin 2 was used for analysis in the present study.
The data set used in this study was also subject to explorations of a possible association between connectivity and mechanical properties.
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Materials and Methods
The analysis in the present study was based on data developed from cancellous bone specimens collected from autopsy material from individuals without any known chronic disease. The material originated from two series of specimens, which were analyzed as a whole: series 1 from a single 79-year-old male donor, and series 2 from 55 different donors (38 men, 17 women), who were between 14 and 91 years old (mean age 58 years, SD 21 years). The specimens were collected from six metaphyseal regions taken at random, and no particular attention was paid to the orientation of the cubes with respect to anatomical axes. The six regions were calcaneus, proximal tibia, distal femur, proximal femur, proximal humerus, and lumbar vertebral bodies. The final distribution of specimens in the two series are specified in Table  1 .
All bone cubes were embedded in a plastic resin and placed in an automated microtome. Using a serial sectioning procedure 20 sequential cross sections were obtained. A digital camera mounted on top of the microtome was used to make images of each cross section with a pixel size of between 20 and 25 m. The slice thickness was set equal to the pixel size. All images were stored in a computer and binarized using a threshold filter. 20 After stacking the binary images in the computer, the morphologies could be represented in a three-dimensional voxel grid.
The computer reconstructions thus obtained were used as the geometry for micromechanical finite-element (FE) models of the specimens using a direct voxel conversion procedure. With this procedure, bone voxels are directly converted to brick elements in the FE model. 32, 33 To reduce the number of elements in the resulting FE models, the voxel size was reduced to 60 -75 m prior to conversion. For all elements, linear elastic and isotropic material properties were specified with a Young's modulus of 1 GPa and a Poisson ratio of 0.3. Because these are linear FE models, the results can be scaled later for any value of the tissue modulus. Six FE analyses were done for each specimen, three compressive tests and three shear tests. From the results of these analyses, the full elastic compliance matrix was calculated. 6, 9, 30 Using a numerical optimization procedure, the best orthotropic representation of this matrix and the mechanical principal directions were found. 30 All calculations were performed on a Cray C92 supercomputer that needed between 2 and 3 h of cpu time per specimen.
The three-dimensional computer reconstructions were also used for the measurements of three fabric parameters: surfacebased MIL and the two volume-based VO and SVD measurements. MIL is based on counting the number of intersections between a linear grid and the marrow/bone interface as function of the grid's orientation in three-dimensional space. 34 VO indicates local volume orientations, defined as the orientation of the longest intercept through a point within a trabecula. 21 SVD describes the distribution of cancellous bone around a typical point in a trabecula. 3, 13 The fabric measures were applied to a central subvolume of 6.5 ϫ 6.5 ϫ 6.5 mm 3 defined within each specimen. MIL measurements were sampled over 1000 random and equally spread directions in three-dimensional (3D) space. The VO measurements were sampled over 1000 points, all located within trabeculae, and the SVD measurements were sampled over 10,000 points, all located within trabeculae as well. For each specimen, a symmetric and positive definite second rank fabric tensor 22 and its three eigenvalues, which are assumed to reflect structural anisotropy, 2 were calculated:
The three normalized fabric eigenvalues ( i ϭ e i /⌺e i ) were correlated with the nine orthotropic elastic constants obtained from the FE analyses using tensorial relationships derived by Cowin. 2 Cowin showed that the relationships could represent all the elastic symmetries generally considered in cancellous bone (and other biological materials). The individual constants, however, must be determined statistically and cannot be related directly to any physical property. The relationships were originally based on stiffness coefficients (c ijkl ) (equation 2), but analogous relationships, based on compliance entries (s ijkl ) a Whereas all specimens in series 1 originated from one individual, the specimens in series 2 originated from different individuals.
(equation 3), as used by others, 27,31 can be developed. Both types of relationships were analyzed to test which model gave the best prediction of elastic variables. The relationships were normalized to the tissue modulus to obtain generally applicable results. These included relationships based on stiffness coefficients:
and relationships based on compliance coefficients:
where i, j ϭ 1, 2, 3; i j and II ϭ 1 2 ϩ 1 3 ϩ 2 3 . In these relationships, nine functions of apparent density or volume fraction appear (equations 4 and 5), which must be calculated such that the best fit between fabric and elastic variables can be obtained. In agreement with earlier studies, 27, 31 the functions of density were chosen as power functions with two constants (k ma and k mb ) per function, in total 18, but the analysis was extended to allow the power of volume fraction to vary as well in an interval (0.5-3.0), as other workers have found stiffness and strength to be dependent on bone density by a power factor within this interval 15 : 
For the analysis the elastic data were sorted such that E 1 Ͼ E 2 Ͼ E 3 , and the fabric eigenvalues were sorted correspondingly, 1 Ͼ 2 Ͼ 3 . Relationships for each fabric measure were calculated by performing a joint fit to the relationships (equations 2 and 3) using singular value decomposition. 26 The goodness of each fit was evaluated by correlating elastic coefficients obtained from finite element analysis to elastic coefficients predicted from the models. An adjusted squared correlation coefficient (R adj 2 ), developed by Turner et al., 27 was used as a goodness-of-fit criterion:
with N the number of observations and K the number (ϭ 19) of variables. Using the same set of constants as for the joint fit, the goodness of fit for the individual compliance and stiffness matrix entries as well as technical constants (E i , G i , and ij ) were calculated for comparison with the results of earlier studies.
27,31
To determine if a possible correlation was due to a dominant effect from one of the data series only, the predictive power was tested for each series separately using relationships that turned out to be the best case for the pooled data.
Results
The volume fractions represented by the combined series covered a range from 3% to 35% (mean 16%, SD 8%) ( Table 2 ). The Young's moduli (E i ) ranged from 1.4 to 196 and the shear moduli (G ij ) ranged from 0.38 to 68, both normalized to tissue modulus. The Poisson ratios covered a range from 0.02 to 0.73.
For all relationships a well-defined maximum of R adj 2 was found for the joint fit when the power factor of volume fraction was varied in the interval from 0.5 to 3. The relationships based on the stiffness entries (equation 2) showed the best correlations; that is, the highest R adj 2 values for the correlation of predicted to calculated elastic variables in the relationships (equations 2 and 3). For these relationships the three fabric measurements and volume fraction explained between 93.9% and 95.6% of the variation of the stiffness entries, whereas, for the other relationships based on compliance entries, 89.2%-89.4% of the variation of the compliance entries was explained ( Table 3) .
The best fit was found for the relationships based on stiffness entries (Table 3) and, for such relationships, the MIL fabric measure was a better predictor than both the VO and SVD measures as it decreased the remaining variance by approximately 23% (from 5.7% found for VO to 4.4%). Looking at the technical constants only, the relationships based on the stiffness entries could predict these quantities and only the Young's moduli and the shear moduli could be predicted (Table 3) . For the Poisson ratios, nonsignificant or very weak correlations (R adj 2 Ͻ 0.08) were found. As the relationships based on stiffness entries and MIL were the best performing, the predictive power of this model was evaluated for each series separately ( Table 4) . The model could explain 96.5% of the variation in series 1 and 95.4% in series 2, suggesting that both series contributed almost equally to the correlation of the pooled data.
The 18 constants (k ma and k mb ) corresponding to the best fit (i.e., largest R adj 2 ) calculated for each fabric measure are listed in Table 5 . Inserting the constants for the best case (MIL measure and relationships based on stiffness entries, equation 2) the relationships can be written as: 
Figure 1 displays plots of calculated vs. predicted stiffness entries using those relationships.
Discussion
In this study, numerical relationships of all orthotropic elastic constants and cancellous bone architecture, calculated by micromechanical finite-element analysis and architectural parameters, and volume fraction were established. The analysis was based on the relationships developed by Cowin.
2 Correlations of 93.9%-95.6% were found if the stiffness entries were used and 89.2%-89.4% if the compliance entries were used. We have performed a similar study in the more homogeneous whale bone, in which 99% of the variance of compliance entries could be explained. 31 The correlations found here for human bone were considerably lower. However, the whale bone was taken from a single large vertebral body and did not contain the intraspecimen architectural variation, which inevitably exists in human bone. Furthermore, the architectural variation between specimens was also much lower for the whale bone, in which volume fractions only in the range of 20%-35% were found. 12, 31 In the present analysis, the relationships based on stiffness entries better described the data than those based on compliance entries. The most likely explanation for this finding is that the transformation between compliance and stiffness entries produced two different distributions of data, both rather skewed, and the data were weighted more optimally in the stiffness model, as the skewness was lowest for those data. Whether the stiffness model in general will be better cannot be concluded from the present study. However, it is likely that it will be better if the technical constants (Young's moduli and shear moduli) are of interest, as the reciprocal relationship between compliance entries and these constants will be numerically less optimal. The models developed here failed to predict the Poisson ratios. This may be due to the variation in the compliance entries, which can be too high for determination of those values. The Poisson ratios are rather small numerical values, which are calculated as a ratio between two compliance entries ( ij ϭ s iijj /s iiii ), which both contribute with variation. For the prediction of Poisson ratios, it may be necessary to develop a model that directly fits these.
Although it is known that the MIL measure, which evaluates the trabecular surface, can be a poor predictor of porous architectures in particular cases, 21 it performed slightly better than the two volume-based measures (SVD and VO). The most important point, however, is to use the right set of constants together with the fabric measure from which they were developed. In conclusion, the results found in the present study suggest the relationships based on stiffness entries and the MIL fabric measure to be the best model for predicting elastic properties.
One limitation of the results found here is that they predict the elastic properties related to the cancellous bone architecture only. A value for the tissue moduli is needed to calculate elastic constants in an absolute sense. It was explicitly assumed that mechanical anisotropy of the matrix material from which trabeculae are made has only a minor impact on the apparent properties of cancellous bone and, consequently, could be approximated by an isotropic tissue modulus. Recently, experimental evidence to support this was provided by comparison of results from compression tests to finite-element results. 10, 12, 29 However, a reliable method to determine this quantity is still not available.
The analysis in the present study was based on regression analysis, which was used to develop models that ultimately should be able to predict elastic properties in cancellous bone. We have found rather high correlation coefficients, but it should be noticed that significant variation still exits. With respect to prediction of elastic constants in individual cancellous bone samples, significant uncertainty still exists which, judging from Figure 1 , is about Ϯ20%. However, this should be compared with standard compression experiments, which also are associated with considerable uncertainty of the same magnitude. 16 By use of the relationships developed here, we nevertheless predict not only one elastic characteristic (e.g., Young's moduli) but rather the complete set of nine orthotropic independent elastic constants. This should, in theory, provide a much more accurate tool for predicting elastic properties compared with simple den- For each fabric measure, the power of volume fraction (p) was selected such that the highest R adj 2 values of the pooled stiffness entries (c pooled ) and (s pooled ) were achieved when data obtained from finite-element analyses were regressed against data predicted from morphology. The fits marked "stiff" were based on equation 2 and those marked "comp" were based on equation 3. Correlations marked "n.s." are nonsignificant at the 95% significance level. Poisson ratios are not included as only nonsignificant or very low correlations were found. a Abbreviations: MIL, mean intercept length; SVD, star volume distribution; VO, volume orientation. Both series appear to contribute almost equally to the correlation of the pooled data set.
sity measurements (e.g., dual-energy X-ray absorptiometry measurements). It should also be noticed that, in general, regression coefficients are only valid for the data from which they are calculated and extrapolation to other materials is not straightforward. The final test of the external validity of the models developed here should be to test them in a completely new and independent data set. Although the present data cover a large collection of anatomical regions and individuals of different gender and age, all of which strengthen the generality; however, the data set was too small to control for gender, age, and anatomical locations. We do not know if additional parameters or different relationships are needed to represent such conditions. Also, bone from individuals with known bone disorders was not included, and the relationships found here might not be valid for pathological cases, such as in osteoporotic bone. It is generally assumed that, normally, bone architecture is adapted to bone loading, and this adaptive mechanism might explain the existence of such relationships between bone architecture and mechanical properties, as found in this study. However, care should be taken when extrapolating the a A set of constants is calculated for each of the three fabric measures investigated (MIL, SVD, and VO). The listed constants correspond to the best fit that could be achieved by varying the power factor of volume fraction. The power factors (p) of volume fraction found are listed below each series of constants as well as the R adj 2 values found at the best fit. See Table 3 for abbreviations. Figure 1 . Correlations of the predicted vs. calculated stiffness entries, c iiii , c iijj , and c ijij , obtained when using the model that could explain the largest amount of variance of elastic properties. This was found for the relationships based on the stiffness entries (equations 2 and 7) and using the MIL as fabric measure. The highest squared correlation coefficient (R adj 2 ϭ 0.956) was found with a power factor of 1.60 for volume fraction (see Table 3 ).
relationships to diseased bone. It is possible that, in diseased bone, the bone architecture is no longer adapted to the external loading and the relationships are no longer valid. 28 With the relationships found here, elastic properties of cancellous bone samples can be estimated by measuring its volume fraction (or density) and fabric from computer reconstructions. It has been shown that detailed computer reconstructions can be made in vivo by using high-resolution computerized tomography or magnetic resonance imaging scanners. Although the resolution of these scanners is presently less than that of the serial section method used in this study, they will improve in the future. Eventually it will be possible to determine the elastic properties of bone in vivo in an indirect way, which is the information needed for the diagnosis of bone quality and fracture risk.
